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Dr. James B, Conant, Chairman
National Defense Research Committee of the
Office of Scientific Research and Development

War Metallurgy Division (Div. 18), NDRC

Final Report on "Heat-resistant Alloys for Ordnance
Materiel and Aircraft and Haval Sngine Parts (N-102):
Part I - Heat-resistant Alloys of the 21% Cr: 97 Ni
Type".

The attached final report submitted by Zarnshaw Cook,
Technical Representative on NDRC Research Project HRC-84A, has
been approved by representatives of the ‘ar Metallurgy Committee
in charge of the work.

This report presents the results of an investigation
of the physical properties at elevated temperatures of commer-
cially available alloys of the 21% Chromium$ 9% Nickel type.

This project was financed by the American Brake
Shoe Company and was carried out as a correlation project under
the supervision and direction of the liar Metallurgy Committee.
I recommend acceptance as a satisfactory final report on a
phase of the work done on this project.

Re@ectrully submitted,

Clyde {iilliams, Chief

Yiar Metallurgy Division, NDRC
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SUMMARY

This report concerns the engineering properties, not previously known,
of a commercially available heat resistant alloy. The generally accessible
data on 18%Cr:8#Ni stainless steels refer chiefly to the low carbon composi-
tions, whose apparent creep strength is lower than that of the higher carbon
cast alloys usually employed for elevated temperature service. The present
study has delineated materials that will substitute below 1600°F for the
widely used 26fCr:12#i grade.

To improve oxidation resistance, the chromium level of 18:8 has been
raised to 19-22%. To provide austenite stabilization,the nickel range has
been set at 8.5 - 10.5% and 0.07 - 0.11% nitrogen included. This austenitiz-
ing balance is justified by principles that were developed during research
on the 264Cr:12%Ni alloy.

The latter is susceptible to embrittlement from carbide precipitation
and from development of the sigma phase at and below 1600°F, Compositions
of this type, quite strong and ductile at 1800°F, may thus become seriously
brittle in the range from 1200-1600°F. Since the compound FeCr is the
basis of the sigma phasc, its devclopment is theoretically favored by high
chromium content. Studies of the microstructure of the 219Cr:9%Ni grade
have indicated that sigma may develop, but that it appears in smaller quan~
tities which have less embrittling effect than in 26%Cr:12&Ni type.

The upper limit of application is probably established by hot gas
corrosion. Industrial expericnce has justified the cmployment of 21%Cr:
g#NL up to 1600°F in oxidizing atmospheres.

A commercial foundry range as above has been surveyed to determine the
most significant mechanical properties. The cast alloys exhibit about 90000 -
psi tensile strength and 30% elongation. After aging for 24 hours at 1400°F,
which is a treatment frequently applied to 26Cr:12#Ni, tensile strength
usually rises and elongation may fall to below 20%. These room temperature
properties are ample for most industrial applications.

Stress-strain-rupture and creep tests have established limiting creep
stress values and ductility characteristics at 1200°F, 1400°F, and 1600°F
of the range from 0,25 - 0.35% carbon, 19.3% - 22.3% chromium, and 7.7 - 10.5%
nickel. They also permit tentative estimates of life expectancy. Proper
design strengths may be inferred from these data, which justify the conclusion
that the 21%Cr:9#Ni grade (if compositional control is adequate) may bc
substituted for 26%Cr:12#Ni up to a temperature of 1600°F without change of
design stresses. Less embrittlement at service temperatures is an additional
advantage.

The chief value of this material is in the heat resistant alloy field.
Its usefulness is not confined to elevated temperature service, however, The
stable austenites are substantially non-magnetic, having a permeability of
about 1.003 in the as-cast state. They are corrosion resistant and machinable.
This combination of properties makes them also suitable for applications that
require a strong, tough, machinable, non—corrosive and non-magnetic metale
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HBAT RESISTANT ALIOYS OF THE 21%Cr:9fNi TYPE

Introduction

0 This project was established in April 1944, as NDRC Correlation
Project NRC-84A with the following general objectives:

1. To determine the elevated temperature characteristics of heat-
resisting alloys used in national defense applications.

2, To conduct experiments directed toward the improvement of these
alloys where present properties are inadequate,

3. To clarify the possibilities of substitutions that will permit
savings in strategic alloying elements.,

4. To adapt knowledge of the heat-resistant alloys to the specialized
applications that have dcveloped because of the war.

The project is being financed by the American drake Shoe Company,
and is being conducted under the ;eneral supcrvision of the War Mctallurgy
Committee, This report is the initial report submitted on the project.

This paper is essentially a description of thc cngzincering proper-
ties of a commercially available hcat resistant alloy whose merits for service
in suitable temperature ranges have been neglected because of inadequate
technical data.

. There is a definite field for a strons and tough intermediate
temperature alloy. Up to 1200°F ferritic steels and heat resistant cast

irons are widely applied. Where plasticity is essential, steels must be used.
The irons exhibit some ductility above 900°F, but they are seldom able to
survive sudden thermal or mechanical stresses that exceed their elastic
strength., Ferritic steels, of which 5iCr:1/2%Mo type is an example, are thus
preferred for service up to approximately 1200°F. Above this they lose

strength rapidly and th:e proximity of their transformation ranges is undesirable,

Austenitic alloys are indicated instead because of their greater strength and
stabllity. .

The alloy grade containing 24-28%Cr and 10-L4%Ni (A.C.I. Type HH) is
most often selected for the high temperature ranges. In'the absense of car-
burizing conditions, which cause it to embrittle rapidly, it is probably the

most useful commercial alloy for carrying high stresscs at uniform tempcratures
up to 2100°F,

Several years ago the Alloy Casting Institute received a request from -
several oil refining companies for a specification, lower in stratcgic eluments,
that could replace the 26%Cr:12#Ni grade bclow 1600°F, the lower limit for -
authorized applications by the War Production Badrd, The Battelle Memorial Institue »
under the sponsorship of the Alloy Casting Institute, conducted-an extensive
research program that resulted in an i}loy of 12%Cr, 2%Si, 6Mi, and 6%n,
described before the A.S.M. in l9h3.( Test data for this material indicated
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that 1400°F was probably the upper limit at which it.could be employed satis-
factorily., It is not considered an adequate substitute for 26%Cr:12#Ni between
1400°F and 1600°F.

For somec years an upward revision of the familiar 18%C:8%Ni grade has
been manufactured for intermediate temperature service to the specification¥* of'

of wg SiE ME g
0,25 0.25 0,50 25 - 19,0
35 1.75 1.75 10.5 22,0
Fleld experience establishcd that it could be cmploycd up to 1600°F without
excossive surfacc oxidation. Desipgn stresses were customarily low as it was
assumed to be similar to 18%Cr:8%Ni in strength. ‘hile somcwhat lower in cost
than the widely used 26%Cr:12#Ni grade, it was generally considered inferior
because of its lower alloy content, and consequently 26%Cr:124Ni has many times
been specified, despite the additional expense, for the ranges below L600°F
where its superior oxidation resistance is not required. It is noteworthy that

this assumed inferiority of 21%Cr:9#Ni has never been proved at temperatures
where its surface stability is adequate.

Alloy substitution in engineering designs for elevated temperature
service requires a knowledge of creep strength. A survey of the literature
revealed a number of publications dealing with 18%Cr:8%Ni, several of which
detail limiting creep stress values over the range from 900°F to 1500°F. They
gunerally relate to low carbon compositions that are more typical of corrosion
resistant alloys. Little information on thie carbon ranges used for high
temperature service could be found. The stalus eacountered is summarized in
Table 1 and in Figure 1, which also shows typical propertics obtained in this
investigation. Most of the-published test data rtsult from short-time elevated
temperature tension tests. Among those available, the compilations of H.D. Newell.
(2)(3) are noteworthy. Unfortunately, short-time tests do not provide an
adequate basis for design.

Consideration of the evidence indicated that the 21%Cr:9#Ni type might
have a wider range of usefulness and that reported properties of 18%Cr:89Ni were
not necessarily characteristic of its somewhat different composition range.
Clarification of this would require a program of creep testing to delineate the
properties of the specification for elevated temperature service. The reccssary
work was initiated by the American Brake Shoe Company Metallurgical Laboratory
in 1942 and is reported herein.

Procedure -
To survey a chemical analysis range, within which six elemecntsit¥ cperate

as variables, may entail the production and testing of many compositions.
Fortunately, experience‘\'"/ with the 26#Cr:124i type has clarified the role of

#Employed by the American lianganese Steel Division of the American Brale Shoe
Company.

##The influence of these elements has bsen the subject of considurable unpub-

lished research, which was utilized as the basis for selccting tlic compositions
included in this report.

T
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each element, Carbon, nickel, and nitrogen stabilize austenite and usually
contribute strength. Chromium and silicon tend to produce ferrite and con-
currently to reduce strength, generally with an increase in ductility. They
also promote the development of the brittle, undesirable sigma phase under some
conditions, thereby lowering ductility. Manganese is relatively neutral and is
not considered a potent factor.

The five important elements operate together to produce a phase
formation tendency herein termed "the austenite balance", If low, considerable
ferrite will be present at some temperaturcs; if high, only carbides and austen-
ite are expected., The ferromagnetic properties of ferrite permit its detection
and estimation by magnetic permeability measurements, which thu? Secome indices
of the austenite¢ balance until ferrite is completely suppressed 5 « A correla=

tion of (germeability with creep strungth has bcen reported for 26FCr:12#Ni
alloys,\*/

By selecting a composition containing minimum carbon, nitrogen, and
nickel, together with maximum chromium and silicon, the low strength - high
ductility extremity of the chemical range is expected. Similarly, the reverse
combination should produce minimum ductilit,- and maximum strength. A mid-range
alloy, to represent average properties, is also desirable, Production and ‘
testing of three analyses, as listed in Table 2 were thus projected. Manganese,
not being considered a significant variable, was held constant.

Table 2

Compositions Specified for Exploration

weeseaaChenicael Analysis—-—————= Austenite

c¥ Mng Sif NiF Crd NE Halance¥ Properties Expected

1) 0,25 0,90 1,75 7.5 22.0 .05 |(Minimum Max, ductility; min, strength
2) 0,30 0,90 1,15 9.0 20,5 .08 Mid-range Averare properties
3) 0,35 0.90 0.50 10,5 19.G .10 laximum  Min, ductility; max. strength

#The use of minimum and maxirmum under this heading does not imply that
the included range covers wholly austenitic alloys. This status was not
clarified until magnetic test data, as summarized in Table 9, page 20, bez-me
available,

After it became apparent that the heat with the minimum austenite
balance was quite ferritic, and considerably weaker than the other two, a
fourth composition was added to represent the low strength extremity of a
narrower specification range. Detailed analyses of the heats appear in Table 3,

The alloys were melted in an induction furnace and cast in headed
l-inch diameter bars, as detailed in Figure 2. This practice was developed to
obtain satisfactory freedom from microscopic shrinkage defects that would
invalidate quantitative comparisons of mechanical properties,
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m As Cast

129 .25 .96 1.72 2.3 7.7 01 160 95000 x.5 26.5
40000 98500 2.5 25.1 190

98250 29.5 26.8 190 (]

=y .25.05 w2 &7 09 104 73250 41.2 9.2 167
100250 20.0 0.8 176

99750 %.5 %1 176

130 .28 .96 1.15 20.8 9.1 .09 1.00 91750 ».0 7.9 163
107250 25.0 26.8 203

107250 23.0 2.0 199
167

N .3 92 .48 19. 0.5 .13 1.00 92790 2.0 n9
100500 18.0 19.5 20
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mn .29 52 1.07 26.2 11.6 .14 3%.0 7.6
17.5 23.7

18.5 2.9

m -n .n 'o” “‘. m-b ou 25.5 “‘1
94000 19.5 26.1

23.5 ».8
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mis .32 .53 0 26.2 11.5 07 2.5 %.8
2.0 7.6

ans .22 A6 oA 25.9 1.5 .16 17.5 23.7 - 156 As Cast
50500 86000 6.5 7.0 2400-24-Foe.
6.3 7.0 C I
2.0 7.2 As Cast
1.5 1.l 1400-24~Tos.
11.0 10.0 .l
l"c"-yq“

ms7 32 49 -6 23.9 13.2 .09
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Testing has followed A.S.T.M. procedure in general, The yield
strengths, which are based on observation of a hydraulic dial gauge, approxi=-
mate values based on 0.2% permanent set. Elevated temperature test? g vs
followed the technique described in A.I.M.E. Technical Publications(6 ?h
No. 1443-C and No. 1480. Properties of a comprehensively tested 264Cr 1 127N
alloy described in these publications have been included in the Appendix for
comparisons. (Table 11 and Figure 11).

Room Temperature Mechanical Properties

As-cast properties have little relationship to service perfoérmance or
to design calculations for heat-resistant alloys. Since they are octasionally
requested by engineers, however, the results of a single test from each heat
are included in Table 3.

. The 21%Cr:9%Ni grade has been specified for intermediate temperature
service in oil refinery castings. As such, it is purchased under specifications
that include tension tests after aging for 24 hours at 1400°F;" a minimum
elongation of 9.0% is usually required. As shown in Tablc 3 these alloys
‘excced this minimum by a wide margin.

Loss of ductility after this aging treatment is usually indicative of
- curbide precipitation. The data suggest that this grade does not become

soriously brittle., The adverse effect of carbon upon ductility may be inferred
from the tread above, however. The virtue of thesc tests after aging as an
acceptance procedure is controversial. It is doubtful if they can consistently
predict behavior after long periods under stress. The information on-residual
ductility after creep testing, which is included later in this report, is much
more valuable, 5

Elevatcd T=mperature. Froperties

Stress-strain-rupturc tests zre an excellent mcasure of elevated
‘temperature ductility, pernit an estimate of meximun life expectancy, facilitete
the selection of loads for 1000 hour creep tests, and in this investigaticn
provided a reasonably accurate prediction of limiting creep strength in ot
cases. They were chosen in preference to the conventional short time Supe.on
test because they correlate with, as well as supplenent, long teim cresp HefbR.
This survey includes tests at two loads for each of three temperatures, winch
are tabulated in the appendix, The ductility characteristics, as porirayed by
elongation at fracture, are summarized in Table 4, which also lists four,
26fCr: 1281 alloys for comparison. ) :
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] Table 4 !
Comparative Elevatced Temperature Ductility ' T

—--Elongation During Stress-Rupturc Tests = % in 2Me—e :

" @ml200F ===  ~=1l}00CF.—==  ==1600°F = —=lB00°F =

Heat Composition 45000 35000 20000 15000 10000 8000 6000 4000
No, CR% Crf Nig _PSI__FSI  _PSI_ _PSI _PSI_ _PSI _PSI _BSI

ng 025 22.3 7-7 ol 22 M . l&9 .o 50 - - - .

XK39 .25 21,2 8,7 16 9 10 9 15 10 - -

XJ130 .28 20.8 9,1 23 5 6 6 - 7 - - '

LJ131 34 19.3 10,5 10 6 b 3 - B - - i

IG121 029 26.2 1106 - - 22 13 - - 19 o

XG50 .31 26,8 10,6 - - 16 9 AR 36

01'1518 032 25-9 11'5 O - 6 3 o ‘i 12 - * v

XG157 .32 23.9 13.2 = - L 3 - - 9 5 !
The tendency for ductility to decrease as the austenite stabilizing

balance increases is apparent. That this is not attributable to the effect

of carbon alone is demonstrated by a comparison of XJ-129 and XK-39, which

both contain 0,25%C but differ in the austenite balance of other elements, A
similar trend appears for the 26%Cr:12ZNi compositions, as would be expected,

The downward trend of ductility as loads decrease and fracture times
increase is noteworthy, This is a frequently observed characteristic of
austenitic structures., It demands caution when interpreting the data from
short tests, Otherwise ductile alloys may fracture aftar long periods under
low stress with less than 1% clongation. From Table 4 it :ay be-possible to
infer thc behavior of a material under rapidly imposed overloads, but the
values shown should not be expected at the limiting creep stress,.i

Fracture times are presented in Table 5, The heat with the minimum
austenite balance (XJ-129) exhibits significantly shorter life than do the
other three under the same loads, This is a result of a comparatively lerge
proportion of ferrite in its constitution, which will be demonstrated later
by photomicrographs and magnetic test data, The more stably austenitic com-
positions have a group similarity, though minor trends are evident. AL 1200°F
life decreases with the rise of the austenite balance; at 1600°F the reverse
is true. An intermediate behavior appears at 1400°F with a peak for the
mid-range alloy (XJ-130). In comparison with 26%Cr:12%Ni the averaze fracture
time is shorter, but the values are of the same order of magnitude.

#This will be abbreviated as L,C,S, hereafter, and denotes thu siress that
will produce a minimum or secondary stage elongation rate no greater than
0,0001% per hour, which is equivalent to 1% in 10000 hours.
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Table 5

mnive Elevated Temperature Life

==-~Stress-Rupture Test Fracture Time - Hours-——————-
=1200F =ov —=1/00OF wem  —1600% ~=1800°F -
45000 35000 20000 15000 10000 8000 6000 4000
o, PSI PSI PSI ~_PST PSI_ _PpPsSI PSI _PSI

XJ129 2,8 20,0 4.0 - - -
XK39 25.4 6 37.2 5.4 17.6 - -
XJ130 19.1 63.9 - 46,0 - -
XJ131 6 1.2 29.8 32.5

Xa121 86,1 - 95 =
XG150 41.9 - 4.8 13,8
CH518 60.3 uo‘l 1 -6 -
XG157 § 102.8 - 13.4 166.9

Stress-strain-rupture tests are actually short term creep tests
continued to fracture, As such, they yield minimum elongation rates character-
istic of the secondary stage of creep. These, logarithmically plotted with
analogous rates from 1000 hour creep tests, portray the minimum creep rates
associated with a wide range of stresses, By this combination it has been
possible to obtain an adequate determination of L.C.S. velues with only one
long time creep test of each composition at each temperature, Time-elongation
curves for these appear in the appendix.

It is convenient to plot fracture times on the same graph with creep
rates, as in Figures 12, 13, 14, and 15 (Appendix), -Whilc extrapolated
fracture times must be efploycd with extreme caution, it is thus possible to
estimate the time before rupture at any stress or any minimum creep rate.
Table 6 is a summary of the L.C.S. and suggested design stress valyes for each
heat, together with the associated tentative fracture times obtained by extra-
polation. A comprehensively tested 26%Cr :12aN4 alloy is included for comparison,

It is customary to yse 50% of the L.C.S, (for 0,0001% per hour or 1%
in 10000 hours) as a safe tensile working stress, This is a desirable practice
as the stronger alloys may have poor life expectancy at their L,C.S,
design strengths of the 217Cr:9%N1, compositions here reported range from 1500
to 3200 psi at 1400°F, Because of its greater plasticity, the low strength
alloy (XJ-129) may be appropriate for use at its L.C.S. of 3100 psi, while the
low ductility material (XJ-131, with 6000 psi L.C.s.) obviously is not., The
design stress of 3050 psi, established by the 26%Cr:12%Ni grade, is probably
suitable for all of the four compositions in Table 6. This status would be
similar to that of the current industrial 26#Cr:12#Ni alloys, many heats of which
are partially ferritic and weaker than the one referred to above, which is wholly
austenitic, Such an assumption would permit the utilization of a wide foundry
specification., )
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Liniting Greep Stresses, epted Design Stresses, snd Maximwm Life Expectengy
of 3 Heat Repistapt Allevs

Magnetic Limiting Maximm Seggested Naximmm
Pera. Creep Lifen% Design Life##
Heat As Cast --Chemical Composition—— Temperature Stress* Expectansy Stress Expectmey
Jo. _H=24  CfMn% 5! Gf M B 0. _PSI__ __JYears P8I Yeurs

129 1.60 .25 .96 1.72 22.3 7.7 .07 8600 15+ 4200 15+
=

14500 15+
5600 1.7
3100

14500 15
6400 3.4
3300

14500 15+
6000 0.48
3000

dILOIvLS I

1.“ .2’ -.5 -92 21-2 ‘.7 l”

«28 .96 1.15 20.8 9.1

34 .92 .48 19.3 10.5

EEE EEH BEE BEE
EE §EY §EE 59

A 24iCr:1288 Alloy for Comparisop

IR A6 45259115 .16 1400 6100 0.7
1600 3200 0.6

1750 2.5

800 1.4

33110

o el aeh s ena e

QILONYLSIY

#8tress for minimum elongation rate of 0.0001$ per hour
##)g these data are based on only two short term tests they afe not suitadle
for design purposes, but are included to permit comparisons between the

Y GRS,
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AMERICAN BRAKE SHOE COMPANY

METALLURGICAL DEPARTMENT

Nahwah, K. J. February 5, 1945
Teble 7
Residue) Mechanicel Properties

%%M

=129 =9 H=120 H-=12
—————————-Chemical Amalysig—----—— =

tu .2.
<96 96
1.72 1.15
7.& 9-10
2.3} 20.90
067 086

Croep Tested at 1200°F.

Oreep Test Stress - P.8.I. 10000 15000
Duratien - Hrs. 1004.(d) 1292.(d)
Yield Strength - P.S8.I. 65000 , 50000
Tensile Strength - P.S.I. 93375 100500
Romgation - $ 20.0 16.0
Rede « § 20.2 Tebs

Te at h

Oreep Test Stress - P.8.1. 3000 6000 6000
.‘l‘tﬂ. o k.o 1.002- (‘) m- (d) m’.(d)
Teld Streagth - P.8.1. 57500 45000 70000
Temsile - P.8.1. 88850 92750 106750
mu- L 15-0 15-0 20.0
.\0‘- - ’ uOI 1601 1.-‘

Scee Tested at 1600°F.

Oreep Tost Btress - P.8.I. 1500 3000 3000
Suratiem - Ers. 1004.(d) 1003.(a) 1003.(4)
T4eld Stremgth - P.8.1. 55000 70000 35760
M. - Pol.!. ”” m”

Kegation 20.5 14.0

‘0‘. — ’ u-. . u-’

SLow resideal stremgth aad dmotility attributed to structural
damage.

(4) Miscomtinwsd before fracture.
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. For critical appl_icatmns it would be desirable to eliminate waak,
ferritic compoeitions such as XJ-129 and to base foundry specifications on a
range within which L.C.S. values are approximately the same., This is possible
by using XK-39 and XK-131 as extremes, The suggested limits are:

g% Mn® 91 NiZ CcrZ M2

0,25 0.25 0,50 8,5 19.0 0,09
0.35 1,75 1,00 10,5 21.0 0.1l

Compositions entirely within this range are expected to be substantially, if

not wholly, austenitic, Since many analyses slightly outside this range would -

be acceptable they should not be excluded arbitrarily. Provision for acceptance,

if magnetic analysis indicates a satisfactory austenite balance, should be

included.

Stability at Elevated Temgeréturés

: Phase changes controlled by the nature of the alloy and structural
" »d.amnge resulting from applied stress contribute to reduced stability at elevated

" temperatures. If compositions in the range under discussion are entirely
. austenitic, the major constitutional changes are associated sith carbide solu-

- tion and precipitation, With carbon in solution, the matrix is relatively
ductile, Extended exposure in the lower temperature ranges causes reprecipita-
tion in a finely dispersed form, with decreased ductility and greater strength
as a result, This carbide precipitation provides a serious limitation to the
applications of the 26%Cr:12%Ni grade. The room temperature tensile tests after
" extended crecp testing, as detailed in Table 7, suggest that the 21%Cr:9#Ni

alloy has greater resistance to such embrittlement, This factor justifies its
substitution for the higher alloy type. (Comparable data on 26%Cr:12#Ni appear
"in Table 11 of the appendix.) :

Other phase chang:s may also occur., Exposu.re in the range from 1200°F
to 1600°F may causc appreciable ferrite to develop if the austenite balance is
too low. This ferrite, which may be detected by magnetic analysis er by

. microscopic examination, is considerably weaker than the austcnite and its
appearance, as in heat XJ-129, is associated with low strength and high ductility,

There 1is microscopic evidence that the sigma phase has appeared
under some conditions, It is weak, brittle, and undesirable, It sharply limits
the usefulness of some of the 26%Cr:127ZNi alloys; but 21%Cr:9RVi specimens in
which it has been detected seem to have suffered little embrittlement because
of its presence. The residual elongation after creep testing of those specimens
in which sigma has been tentatlvely identified is higher in general than that of
26%Cr:12#Ni alloys in which it is absent. This observation is also favorable
to the use of 21%Cr:9#Ni between 1200°F and 1600°F,
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A more obscure form of instability is associated with over-stressing..
This perhaps takes the form of incipient cracking under load. When it occurs,
the residual ductility is below the normal expectancy. In this group, the ten-
sion test on the high strength, low ductility extreme (XJ-131) at 140C°F, sug-
gests that structural damaze has occurred. The low tensile strength associated
with this test is confirmatory. The specimen in question was loaded at approxi=
mately the limiting creep stress for 1005 hours. Obviously, this would not be a
safe design load. If 50% of this, as a standard design stress, were employed,
the life expectancy would probably be satisfactory. It is not unusual to en-
counter a similar loss of residual ductility and strength in the 26%Cr:128Ni
alloys, especially in the higher strength ranges. This is the only clear case
that has been observed in the present investigation. The similar creep test at
1600°F suggests this mechanism but the higher residual tensile strength and
elongation indicate that structural damage, if present, had not progressed
seriously at the time the test was discontinued.

Hindered Contraction Characteristics

Self-imposed stresses from hindered expansion or contraction are an
important source of structural damage. There is little doubt that they contri-
bute to ultimate failure in many cases. They arc generated by thermal shock,
temperature gradients, and cyclic heating and cooling; their magnitude deperding
on elastic moduli, coefficients of thermal expansion, and environmental condi-
tions., Evaluation of these factors and of the alloy characteristics that pro-
vide resistance to consequent damage is very difficult. The term "thermal

fatigue" is sometimes applied to deterioration from these stresses; unfortunately’

there is no generally accepted method of dealing with it quantitatively.

If such thermal stresses considerably exceed the elastic properties of .

a metal, plastic flow will rapidly reduce them to the vicanity of a psuedo-yield °
strength, Thereafter, or for stresses below this, stress relief is slow and is
dependent on the creep characteristics of the material, It is possible to deter-
mine experimentally the limits for rapid stress relief at various temperatures by
means of hindered contraction tests.

Relief of stress by plastic deformation is expected to produce some
change in an alloy. Compressive flow may not be harmful, but it is postulated
with assurance that tensile deformation will exhaust to some extent the ductility
reserve of a structural member. A salient difference between clongation that
relieves hindered contraction stresses and the tensile elongation of conventional
short time tests is the isothermal nature of the latter. A technique for inte-
grating the effcct of deformation over a wide range of tempcraturesis desirable.

A test yet in the experimental stage has been employed to gain some
knowledge of the qualities described above. By hcating a specimen (16" x 7/8"
diameter with a 1" x 0,505" diamcter gaugelcnith) to 1800°T at the center in a
tensile machine, applying a small load to remove any slack in the system, and then
slowly oodling the test bar, the unrelicved stress charactaristic of each temper—
ature appears on the load indicator of the machine. As siress from contraction
increases it normally produces fome elongation of the specimon and some deflec=
tion of thc testing machine crosshcads, Kemoval of thu lati.r complication is
desirable. It has been accomplishcd by cbsurving a deflection gaugethat connects
the crossheads through fuscd silica rods and by opurating thu hydraulic controls .
of the machine to prevent or neutralize any specimen anchoragc movement., Thus an
approximately constant suparation of the cool cnds of the specimen is maintained..

’
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34 19.3 10.5

-” 21.2 ‘.7

-2‘ ﬂ-. 9.1

1
2
3
b
5
1
2
3
1l
2
1l
2

EEE . B NEN s

.32 26.2 1.5
(From 2000°F.) 1

32 239 13.2 1
(From 2000°7.)

(1)
(2)

Table §
Eindered Contracticn Test Sumsary

———8tress (PSI) Developed at

} 5§ B8 EE G R
¥ 5§ BN BEE B

»~

17000 26000
35000 46000

°P. 1000°F.

:

55000

LR R

Temperature by

800°F.  600°F.
42000 49000
54000 62000
72000

73000
57000

Two tests, as indicated below, were cooled from 2000°F.

As characteristic stresses

are just being attained at

this temperature, the two lowest valuss

representative.

below may mot be

400°F.

Cooling from 1800°7.(1)—  Zetal

207 B.-f

8.0
2.0
3‘.0
55.0
68.0

uao
21.0
4.0

16.0
4.0

9.0
2.0

1.2
n.o
4.0

1.8.4.-Y/6/45
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) Reasonable reproducibility of the test, which is not yet standardized,
is provided by using the same furnace, anchorages, and specimen design each
time, The initially applied load is a variable; the low values employed in
this work are probably not optimum, as appreciable cooling is required before
characteristic stresses appear.

The four alloys were subjected to this test., When room temperature
was reached without fracture, the entire procedurc was repeated. Two broke
during the second cycle and one during the third; but the high ductility, low
strength composition did not fail until near the¢ end of the fifth cycle. The
stresses developed by- various temperatures arc summarized in Table 8 and
plotted on Figures 16, 17, 18, 19, 20, and 21. In parallel experiments it was
found  that an additional load, applied after arresting cooling at some temper-
ature, quickly was reduced by flow to the value recpresented graphically but
stress decrease thereafter was scarcely perceptible, Further changes, of
course, could have been measured by morc precise methods,

-Listing the four alloys in order of decreasing austenite balance
(Table 8), the relative strongth at 200%F (for the first run in each case) is
obscrved to follow this arrangement.,

The capacity to absorb thermal stresses without fracture is currently
‘considered an important indication of the hindered contraction test, Vhile ‘
proof must await comparison with a thermal fatigue test of established validity,
scrutiny of the technique discloses that it imposes a necessity to elonzate
without cracking over the entire range from service to room temperature,
Incipient failure would be disclosed by a drop in stress-(as for XJ-130)., The
five cycles before fracture of XJ-129, the weakest alloy, suggest that it has
outstanding resistance to fracture and justify experimental applications to
determine how this behavior can be exploited.

Interpretation of these data suggests that the more ductile
alloys are less susceptible to fracture from thermal cause and, because of their
lower strength, develop lower thermal stresses than do materials of higher
strength. It follows that hindered contraction or temperature gradients are
inherently more dangerous to the high-strength materials, Weaker, more ductile
compositions, such as XJ~129, thus had a definite field of usefulness because,
in appropriate sections, they can replace lighter castings of high strength to
provide a greater factor of safety for installations where aexcessive thermal
stresses cannot be avoided in design.

Oxidation Resistance

Industrial experience has approximately defined 1600°F as the upper
limit of oxidation resistance of these alloys. Observation of the specimens
after creep testing indicates that resistance to corrosion in normal oxidizing
atmospheres at 1600°F is satisfactory.
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While comprehensive hot gas corrosion tests have not yet been com-
pleted, two of the heats from this group were submitted, in the form of 1/2"
bl

- x 1M x 2" blocks, to intermittent heating in oxidizing furnace gases at 1940°F.

The fuel was natural gas with a low sulfur content. At the end of 1320 hours
the 19% chromium alloy (XJ-131) was completely oxidized. The 22% chromium
material (XJ-129) exhibited a surface loss of 0,02 inches. Further exposure
for a total of 2240 hours raised the surface loss to 0.03" (0.06" in thickness)
as compared with 0,02" for a 26%Cr:12fNi standard. This rate of oxidation
is tolerable, but of course the least resistant composition of a production
range should govern the application, and obviously the 19% chromium level is
not satisfactory at this high temperature.

Metallography

The matrix of these alloys is austenite. Complex chromium-iron
carbides, ferrite, the sigma phase, non-metallic inelusions, and a lamellar
constituent are also present under appropriate circumstances. The composition
with maximur austenite stavilization exhibits only austenite, carbides, and
the lamellar constituent whose nature is obscure. It is well illustrated in
Figure 3. In the ferritic extremity all of the constituents except the lamellae
have been tentatively identified, (Figures 4 and 5). The presence of ferrite
is confirmed by magnetic analysis; sigma is recognized with less assurance, but
the characteristically cracked areas of Figure 4 are typical, The finely dis-
persed carbides are prescnt in all specimens; those exposed to the lower temp-
“eratures contain the largest amounts. (Figure 6). Characteristic microstruce.
turos after creep testing are exhibited in Figures 23 to 33, in the appendix.

Most of the carbides are found within the austenite grains. Pro-
nounced grain boundaries are occasionally present, but they have not been
correlated with low ductility as is sometimes possible,

The structures of these materials are revealed by etching first in
1:1 hydrochloric acid - which darkens ferrite and usually delineates the sigma
phase - and subsecuently staining with hot alkaline potassium ferricyanide
-(Murikami's reagent). The last treatment effectively identifies the carbides,
The hydrochloric acid etchant usually, bul not invariably, separates ferrite

and sigma.
Magnctic Analysis

A close relationship betweon magnetic permeability and :(rgep strength
has been established for certain ranges of the 26fCr:12Ni alloy. 4) The probable
error has appeared to be less than for other possible acceptunce tests. The
nature of the 21%Cr:9#Vi typc is similar and a tabulation of permeability vs.
creep strength (Table 9) confirms this. The four heats alonc do not provide
sufficient datz to cstablish the relationship quantitatively. It is very probable
that magnetic analysis could be used to reject low-strength compositions if a
eritical application were involved.
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Table 9 -
Relation of Creep Strength and

Magnetic Permeabilit
2_1501':@1 Heat Resistant Alloys

Heat No, XJ=-129 XK= .XJ=130  XJ-131

wem—e=Chemical Analysismwemee—em

c% .25 .25 28 3L
Mn% «96 .85 96 92
sig 1.72 .92 1.15 2 ohElk:
Nig 7.68 8.65 9.10 10,53,
cr% 22,33 21,20  20.80 19.25
N% 0.067 0.085 0,086 0.108,,

Limiting Creep Strength for Minimum Elongation Rate of 1% in 10000 Hrs,-PSI

1200°F 8600 14,500 14,500 14500 '
1400°F 3200 5600 64,00
1600°F 1700 . 3100 3300 3000

Magnetic Permeability, kL=

__As Cast 1.60 1.04 1.00
After 2000°F -2l Hrs.-W.Q.1.83 1.00 1.00
After 1200°F Creep Tost 3,21 1.52 1,23
‘Aftér L,00°F Créep Test 3.04 1.39 1.17
After 1600°F Creep Teést 2,90 1.02 1.00

Thermal Expansion Characteristics ’ )

While the coefficients of thermal expansion ordinarily do not differ
greatly with small changes in composition, a dilatometer survey of the mid-
range heat XJ-130 has been completed. The dilation curves from room tempora-
ture to 2000°F a.ggear in Figure 7. The rates of heating and cooling were
approximately 1C°F per minute. Specimens were in the form of 1/2" wide strips
about 1/8" thick, and employed a 4" gaugelength. Heating was conducted in a
cylindrical furnace of the same.design as those employed for creep testing.
Expansion was measured by means of a dial gaugeconnected through fused silica
?}?ﬂges to the specimen. The dilatometer itself was described before the A.S.M.

in 1942,

The approximate th rmai coefficient of expapsion between 1200°F to
1600°F 1is 0.0008f12 and 168?)81-‘

in./in./°F; between 80 it is 0,0000104 in./
in,/°F. Many engineer:s _ prefer a chart that shows the percent expansion after
heating from atmospheric to a selected service temperature, For convenience,
the thermal expansion data have been converted to this form in Figure 8.
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Translation of metallurgical research into an industrial specifica-
tion is desirable. The available data justify the following:

Ni H.R.,A. Specifications

s==ew—eComposition Range ==e--- Antici ted Limiting Creep Stresse
[ 4 ng : s:i:z_jc:rzm'n_z‘i . S 130007 nmgﬁ—“rﬁasar—ﬂ
3

5

0 19,0 S . 8500 1600
BB B HE R O
2 «50 12-0 8. . MSOO 00 000

".3§' 1':7% 1'.%0' 2I.0 10'.'%- '% Z.%s 3300

'c. 25 1,00 1.75 22.0 7.5 : 8690 3200 1700

Specification "A" will be casiest to produce and should be satis-
factory for non-critical applications below 1600°F,

Specification "B" will confine production to a narrow and relatively -
high strength range, It may be invoked for eritically stressed applications
where uniformity of properties is very desirable, Production, which will be
difficult, requires careful melting control and exact knowledge of the composi- -
tion of charge materials, and maintain properties, it
is recommended that individ i imj s but within
those of "an, i 4 : 1 applications if permeabi
is below 1,05 as-cast and after vater quenching from 24 hours at 2000°F,

Table 9). Further development of magnetic analysis to serve as an acceptance
test for Specification "BM would be desirable,

Appraising ductility and creep strength together, the mid-range heat
(xJ-130) appears to possess ah optimum combination of the two, This is obviously

very desirable as it would be the approximate aim point of production to both
specifications A and B, ' :

Specification "Cv is suggested for experimental application where
tonsiderable ductility over a wide temperature range is required,

Applications

The materials described herein are commercially available as castings,
They may be machined and are corrosion resistant, Their carbon content renders
them more susceptible to intergranular corrosion and general attack by acids
than are the low carbon 18%Cr:8#Ni grades. They are not recommended primarily
for corrosion resistance but they are relatively stainless and this property
may enhance their value in applications for which they are selected because of
other characteristics. The possibility of producing a completely non-magnetic




«lf=

alloy by proper use of the austenite stabilizing balance adapts them to meny
specialized applications. They have been successfully employed for control
levers in tanks, for example, whero machinability and non-magnetic qualities
coupled with high strength and castability were required.

The alloys are especially rocommended for service between 1200°F and
1600°F. In this ranseé, they should become & preferred substitute for 26%Cr 1128
Ni steel becausc of their greater ductility, reduced susceptibility to embrittle-
ment, substantially eq {valent creep strensth (Figure 9), and lower cost. Their
resistance to damage from cyclic heating and cooling has not bcen established
with assurance. The data from the hindcre? ontraction tests suggest that

they arc superior to the 264Crsl2fNi grade in this respect, Figure 10 will
gserve as a convenient summary of the elevatud tomperature characteristics of
this material.

It is planned to submit a paper on this investigation to the American
Society for Metals in thec near future.

od Howard S, Avery
(sign ) Rosearch Metallurgist
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Standard D-14 Temsile Test Bar Casting
Tigure 34

24°
A%k z'ﬂ?{'

| ITQI

Gress Weight
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CR-263-2

Heat —————Chemical Analysig—————
Mo, Cf M S8 ME Cf N

I 34 92 4B 10.53 19.25 «108

siad Properti room tem After Creep Testi
Yield Ult. Tens. Elong. Red. "lmetiﬂ
Strength Strength in 2% Ares Permeability
Palade. Dbla. . S A A=M
90000 5.0 8.2 1.030

HMeure 3
1000X

From creep ber after
1200°PF. - 15000 ps.i.
for 1001 hours

Etchants:
111 HC1 + hot alk.
E;Fe0y

The matrix is sustenite containing finely
diwided carbides. The lamellar structure has
not been named or positively identified. It is
probably an unusual aggregate of austenite and
carbide or nitride. It is apparently fostered
by higher nitrogen levels. Its associetion with
ferrite is rare.

Note that this alloy is substantislly non-
magnetic.

Figure__3l__ shows this same specimen at
lower magnification.

RESTRICTED FIGURE 3
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Heat —e—ee _Chemicsl Analysig-—meuean
Mo. CF i S12 MY o ag
W129 .25 .96 1.72 7.68 22,33 .067

Regidual Properties (room temp.) After Creep Testing
Yield Ult. Tens. Red.

Elong. Magnetic
Strength Strength in 2% drea Permeability

P.S,1, P.S.1I, z ’ 1 H= 24
57500 88850 15.0 1.1 3.036

Elaure 4
1000x

From creep bar after, '
1400°F, - 3000 p.s.i.
for 1002 hours

Etchants:
1:1 HC1 + hot alk.
K31'00y6

The matrix is austenite, containing a few
scattered particles of carbide and spheroidised
chainsg of carbide that suggest grain boundaries.

The large grey constituente are ferrite and
the sigma phase in close association. Transverse
cracks, which probebly occurred during the room
temperature tensile test, characterise the sigma
area.

Figure_ 23 shows this same specimen at
lower magnification.

FIGURE 4
RESTRICTED
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CR=263-2

Heat eeee___Chemicel Analysige—-eoeme-
No. C& Mg S0 MZ Ccrg N
129 .25 .96 1.72 7.68 22.33 .067

Besidual Properties (room temp.) After Creep Testin

Yield Ult. Tens. Elong. Red. Magnetic
Strength Strength 1in 2% Area Permeability
P.c.1, pP.s.I. =X % =24

65000 92375 20.0 20.2 3.2035

Flure 5
1000X

From creep bar after
1200°F, - 10000 p.s.i.
for 1004 hours

Etchants:
1:1 HC1 + hot alk.
KJFOW6

The matrix is austenite with fine precipi-
tated carbides faintly discernible.

The dark mosaic structure is believed to con-

sist chiefly of ferrite, though it probably is as-
sociated with some sigma.

Figure 22 shows this same specimen at lower
magnification.

FIGURE &

RESTRICTED




CR-263-2

Heat —————Chemical Analysis—e—--——v RESTRICTED
Mo. CF MZ S12 N2 O M2
XK39 .25 .85 .92 8.65 21.20 .085

Residual Properties (room temp.) After Cree Testin

Yield Ult. Tens. Elong. Red. Magnetic
Strength Strength in 2% Area Peremability
P,S.I,  _ P.S.I. ) 3 | H= 24
50000 100500 16.0 74 1.522

Fleure 6
1000X

From creep bar after
1200°F. - 15000 p.s.i.
for 1292 hours

Etchantss
1:1 HC1 + hot alk.
K3Fecy6

The matrix is austenite containing fine car-

bides that were precipitated during the creep test per-
iod.

The islands of mosaic structure probably contain
ferrite and sigma. Their locetion, and that of the in-
tensified carbide precipitate are considered to be a
reflection of the chemical segregation that occurs in a
dendritic pattern and along grain boundaries.

Figure 25 shows the same specimen at lower magni-
fication.

RESTRICTED FIGURE 6
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CA-263-2

Elgure 22
250X

From creep bar after
1200". - IONO p-'-i.
for 1004 hours

Figure 23
250X

From creep bar after
1400°F. - 3000 p.s.i.
for 1002 hours

Figure 24
250X

From creep bar after
1600’!. - 1500 p-'-i-
for 1004 hours

e
Heat meceem—-Chenical Analysig-—--

&Qi!nzﬂ!_ﬁm_z_
W29 .25 96 1.7 7.68 22,33 .067

Etchantss 131 HOL + hot alk. K;FeOyg (10%)
RESTRICTED
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Plate B R ‘ Eigure2s
i g : 250X

K101702 From creep bar after

1200°F. - 15000 p.s.i.
229 s : for 1292 hours

Flegure 26
250X

From creep bar after
1400°F, - 6000 p.s.i.
for 1004 hours

Eigure 27
250X

From creep bar after
1600°F. - 3000 p-l-i-
for 1003 hours

1-\--""'%-* i3

9 . ‘.4»9‘4
Jv"(\.;“sv“\‘\ ‘\"’I

Heat eeveee-—=Chemical Analysig———————
Mo, C& Mnf 815 NS Orf Ng
IX39 025 85 .92 8.65 21.20 .085

Etchants: 131 HOl + hot alk. KyFeOyg (10%)
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CR-263-

Figure 28
250X

From creep bar after
1200°F. - 15000 p.s.i.
for 1004 hours

Flgure 29
250X

From creep bar after
1400°F. - 6000 p.s.i.
for 1003 hours

Figure 30
250X

From creep bar after
1600°F. - 3000 p.s.i.
for 1003 hours

Heat  —=-—————-Chenical Analysig——--—-=--
No. C% Mot S8 NS ord N2
1130 .28 <96 1d5 9.10 20.80 .086

Etchantss 13l HOL + hot alk. K3?oCy6 (10%)

RESTRICTED
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Elgure 31
250X

From creep bar after
1200°F. - 1500 p.s.i.
for 1001 hours

Figure 32
250x
From creep ber after

1400°F. - 6000 p.s.i.
for 1005 hours

HEeaure 33
250X
From creep bar after

1600”. - 3000 p.!-i-
for 1001 hours

: .' lrié*« R 2
Heat  eeeeee—_Chemical Anglysig—en— .
Ho. Cf Mn% 515 NiZ o8 g

I3 .34 .92 48 10.53 19.25 .108 RESTRICTED

Ftchants: 131 HC1 + hot alk. K3FeCye (10%)
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